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I N T R O D U C T I O N
Dopamine neurons of the ventral tegmental area (VTA) and substantia nigra compacta (SNc) project to target areas, including the basal ganglia, striatum, nucleus accumbens (NAc), and prefrontal cortex (Albanese and Minciacchi 1983; Swanson 1982) . Through their dopaminergic projections these cells play important roles in movement and reward and are involved in mediating the rewarding properties of nearly all drugs of abuse, including opioids (Spanagel and Weiss 1999; Williams et al. 2001) .
Opioids, acting at both -and -receptors, exert a powerful but opposing influence on dopamine neuron activity (Williams et al. 2001) . This opposing action of -and -receptors has consequences for governing behavior. Microinjections of -opioid receptor agonists in the VTA are rewarding and elicit place preference (Phillips and LePiane 1980) . Injections of -opioid agonists produce the opposite effect and elicit conditioned place aversion (Bals-Kubik et al. 1993) . By inhibiting GABAergic interneurons, -opioids disinhibit dopamine neurons within the SNc and VTA (Johnson and North 1992a,b) . This leads to increased dopamine cell activity and increased dopamine release at terminal sites (Gysling and Wang 1983; Kalivas and Duffy 1990) . -Opioid receptors, present on the axon terminals of dopamine neurons, mediate the inhibition of dopamine transmission at their target sites (Spanagel et al. 1990; Svingos et al. 1999) ; however, -receptors are also present on cell bodies of dopamine neurons, where they function to directly hyperpolarize the membrane potential (Margolis et al. 2003) . Thus -opioids may inhibit dopamine release by two mechanisms: directly at terminal release sites or by hyperpolarization of the cell bodies.
Using either in vivo microdialysis or in vitro [ 3 H]-dopamine efflux from slices or cell cultures, -opioid agonists were previously reported to reduce dopamine release at somatodendritic and axonal release sites (Dalman and O'Malley 1999; Heijna et al. 1990; Schoffelmeer et al. 1997; Smith et al. 1992; You et al. 1999) . These techniques measure primarily the net efflux of dopamine outside of synapses (i.e., "spillover"). A D 2 -receptor inhibitory postsynaptic current (IPSC) mediated by the somatodendritic release of dopamine was recently identified (D 2 IPSC) (Beckstead et al. 2004) . We previously showed that this IPSC is inhibited by -opioid receptors (Ford et al. 2006) . Here, we further examined this suppression, attempting to determine the mechanism of action of the exogenous agonist U69593 and the endogenous peptide agonist dynorphin.
The -opioid receptor system controls the tonic activity of dopamine neurons as well as the behavioral and neurochemical responses to psychostimulants such as cocaine (Chefer et al. 2005) . Thus determining the actions of -receptors on dopamine neuron activity and dopamine release has important therapeutic potential. The aim of this investigation was first to determine whether -receptors act pre-or postsynaptically to inhibit the dopamine-mediated somatodendritic IPSC. The second aim was to address the intracellular mechanism of action by which these receptors mediate their inhibitory effects. Germany). Slices were transferred to 35°C oxygenated (95% O 2 -5% CO 2 ) saline containing MK-801 (10 M) for a minimum of 30 min. For electrophysiological recordings, slices were transferred to a recording chamber and perfused with 35°C oxygenated (95% O 2 -5% CO 2 ) saline at 1.5 ml/min. Neurons were visualized with an Olympus BX51WI (Olympus America, San Diego, CA) microscope equipped with custom-built "Dodt"-gradient contrast infrared optics (Dodt et al. 2002) .
Whole cell recordings were made with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA) using 1.5-to 2.5-M⍀ pipettes. Pipette internal solution contained (in mM) 115 K-methylsulfate, 20 NaCl, 1.5 MgCl 2 , 5 HEPES, 10 BAPTA, 2 ATP, 0.3 GTP, and 10 phosphocreatine (pH 7.3, 270 mOsm). BAPTA (10 mM) was used to chelate intracellular Ca 2ϩ to prevent metabotropic glutamate receptor IPSCs from interfering with the D 2 IPSC. Cells were voltage clamped at Ϫ60 mV (except for experiments involving 10 mM KCl, in which case V h ϭ Ϫ70 mV) and series resistance, ranging from 3 to 15 M⍀, was compensated by 80%. In the current-clamp experiments, cells were held at their resting membrane potential (V m ϭ Ϫ55 to Ϫ65 mV). Based on our previously published study (Ford et al. 2006) , VTA and SNc dopamine neurons were physiologically identified by the presence of pacemaker (1-5 Hz) firing with spikes exhibiting action potential (AP) widths of Ն1.2 ms (measured in cell-attached voltage-clamp mode from the initial inward current to the peak of the outward current). We previously showed this to be a marker of tyrosine hydroxylase (TH) ϩ, principal cells (Ford et al. 2006) . Consistent with our previously published study (Ford et al. 2006) , hyperpolarizing steps to Ϫ120 mV elicited large h-currents (I h : 300 -1,200 pA) from SNc neurons and smaller I h (20 -200 pA) from VTA dopamine cells. However, because of the variability in I h (Ford et al. 2006; Liss et al. 2005; Margolis et al. 2006; Neuhoff et al. 2002 ) I h was not the only measure used to identify neuronal populations. Rather, populations were additionally identified anatomically, with dopamine neurons medial to the medial lemniscus being classified within the VTA and dopamine cells lateral to the medial terminal nucleus of the accessory optic tract (MT) being classified as within the SNc (Ford et al. 2006) .
To elicit D 2 IPSCs, a monopolar saline-filled glass electrode (2-8 M⍀) was placed 100 -200 M from the neuron being recorded. The stimulation protocol consisted of a train of five stimuli (0.5-ms duration, 40 Hz) every minute. IPSCs were isolated pharmacologically with picrotoxin (100 M), 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 M), CGP 56999a (100 nM), and MK-801 (10 M). To elicit D 2 iontophoretic currents, dopamine hydrochloride was ejected as a cation with a single pulse (25-100 nA, 5-75 ms) from thin-walled iontophoretic electrodes (70 to Ͼ100 M⍀) containing dopamine (1 M). Iontophoretic electrodes were placed about 10 m from the cell and a retention current of 1-5 nA was applied to prevent passive leakage. Dopamine-mediated IPSCs and iontophoretic currents were recorded at 5 kHz and filtered at 2 kHz. Whole cell outward currents were sampled at 100 Hz and filtered at 50 Hz.
Values listed are means Ϯ SE. Statistical significance was assessed using either Student's unpaired t-test or one-way ANOVA (Tukey). P Ͻ 0.05 was considered a significant difference. 
R E S U L T S -Opioids inhibit somatodendritic dopamine release in the VTA
To mimic the "burst firing mode" of dopamine neurons, a train of electrical stimuli (five stimuli of 0.5-ms duration at 40 Hz once a minute) was delivered to evoke the somatodendritic release of dopamine. This induced a slow outward IPSC in the recorded neuron (Beckstead et al. 2004) (Fig. 1, A and B) . The IPSC was completely blocked by the D 2 receptor antagonist sulpiride (200 nM; n ϭ 14, Supplementary Fig. 1 1 ), confirming that the IPSC was mediated by dopamine acting by the D 2 receptor. Receptor antagonists were used to block ␥-aminobutyric acid types A and B (GABA A -and GABA B -), N-methylDaspartate (NMDA-), and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-mediated synaptic currents. A D 2 IPSC could be recorded from every VTA dopamine cell sampled, although to ensure accurate measurement of IPSC amplitudes only neurons with IPSCs Ͼ30 pA were included in this study.
In randomly sampled VTA neurons, the -opioid agonist U69593 induced a 52.9 Ϯ 4.9% (Fig. 1 , A and C; n ϭ 10) 1 The online version of this article contains supplementary data. suppression in the IPSC. Because the effect of U69593 is slow to wash out, we applied the general opioid antagonist naloxone (NLX, 1 M) to induce a rapid reversal of the effect. We hypothesized that the mechanism responsible for the U69593-induced suppression of the IPSC was by the presynaptic reduction in transmitter release. To test this dopamine was iontophoresed onto these same neurons. With iontophoretic application of dopamine it was possible to induce an outward current of similar magnitude and duration as the IPSC (Fig. 1,  A and B) . U69593 (200 nM) had no effect on the current induced by iontophoretically applied dopamine (Fig. 1, A and  C) . Because the dopamine current induced by iontophoresis is exclusively postsynaptic, these results demonstrate that within the VTA, the -opioid agonist U69593 acts presynaptically to reduce the somatodendritic release of dopamine. Next the effects of the putative endogenous peptidergic -agonist dynorphin (Chavkin et al. 1982) were examined. Dynorphin (200 nM) induced a suppression of the IPSC of 55.1 Ϯ 2.6% (n ϭ 8; Fig. 1 , B and D) and decreased the outward current induced by iontophoretically applied dopamine by 37.1 Ϯ 9% (n ϭ 7, P Ͻ 0.05; Fig. 1 , B and D). These effects were rapidly terminated on the cessation of dynorphin application and the initiation of NLX application (1 M; Fig. 1 , C and D). Thus within the VTA, dynorphin and U69593 suppressed the D 2 IPSC, although only dynorphin suppressed the current induced by the iontophoretic application of dopamine.
Kappa opioid agonists directly activate an outward G-protein-activated inwardly rectifying K ϩ (GIRK) conductance in midbrain dopamine cells (Margolis et al. 2003) . Application of U69593 (200 nM) induced a 30.6 Ϯ 9 pA ( Fig. 1E ; n ϭ 8) outward current in cells randomly sampled from the VTA. Application of dynorphin (200 nM) in this same population of cells induced a large outward current of 101.9 Ϯ 17 pA ( Fig.  1F ; n ϭ 8) that was greater than the U69593-induced current (P Ͻ 0.05). Thus one reason that the current induced by iontophoretically applied dopamine was reduced could be occlusion of GIRK activation.
Kappa opioids inhibit somatodendritic dopamine release in the SNc
To date, studies examining the effects of -opioid agonists on dopamine cells focused mainly on cells within the VTA (Ford et al. 2006; Margolis et al. 2003 Margolis et al. , 2006 . Because differences are known to exist between dopamine cells within the VTA and SNc (Liss et al. 2005; Neuhoff et al. 2002) , we next examined the cellular and synaptic effects of -agonists in SNc dopamine neurons. As in the VTA, a train of electric stimuli induced an IPSC (Fig. 2, A and B ) that was completely blocked by the D 2 receptor antagonist sulpiride (200 nM) (data not shown; Beckstead et al. 2004 ). U69593 and dynorphin induced a similar suppression of the IPSC [U69593: 36.9 Ϯ 3.5% (n ϭ 10), dynorphin: 39.3 Ϯ 3.3% (n ϭ 8) P Ͼ 0.05] (Fig. 2, A-D) . The outward current induced by iontophoretically applied dopamine on neurons in the SNc was unaffected by U69593 (Fig. 2, C and D) . Dynorphin also failed to suppress the iontophoretic current, causing instead a slight potentiation (109.8 Ϯ 8.3%, n ϭ 9) (Fig. 2, C and D) . This differs from the large inhibition seen with dynorphin in VTA dopamine cells (P Ͻ 0.05; Fig. 1, B and D) .
Whole cell currents induced by U69593 and dynorphin were also examined in SNc dopamine neurons. U69593 produced an outward current of 7 Ϯ 4 pA ( Fig. 2E ; n ϭ 7), which was significantly smaller than that produced by dynorphin (29.1 Ϯ 5 pA; n ϭ 9; P Ͻ 0.05; Fig. 2F ).
Dynorphin acts on kappa receptors
U69593 binds with high specificity to the -opioid receptor (Raynor et al. 1994) . Dynorphin, although showing greater affinity to -receptors, can bind in the nanomolar range to -opioid receptors (Raynor et al. 1994) . The observation that dynorphin was more efficacious than U69593 at activating whole cell GIRK currents and suppressing the current induced by exogenous dopamine may result from the activation of a receptor other than the -opioid receptor. To test this we applied dynorphin (200 nM) in the presence of the -opioid antagonist CTAP (500 nM). In the continued presence of CTAP, dynorphin produced a degree of inhibition of the IPSC in VTA dopamine neurons similar to that observed in the absence of CTAP (50.8 Ϯ 6%, n ϭ 5; P Ͼ 0.05) (Fig. 3A) . Likewise in the presence of CTAP, dynorphin still produced large outward currents, similar to those seen in the absence of CTAP (82.4 Ϯ 4 pA, n ϭ 5; P Ͼ 0.05) (Fig. 3A) . To confirm that the action of dynorphin was being mediated by the -receptor, we next applied dynorphin (200 nM) in the presence of the specific -receptor antagonist norBNI (100 nM). In the presence of norBNI, dynorphin failed to suppress the D 2 IPSC (4 Ϯ 5%, n ϭ 4; P Ͼ 0.05; Fig. 3B ) or induce an outward whole cell current (2 Ϯ 12 pA, n ϭ 4; P Ͼ 0.05; Fig. 3B ), confirming that the inhibition mediated by dynorphin resulted from the activation of -receptors. The specific ␦-opioid agonist DPDPE (200 nM) was also examined but failed to inhibit the IPSC or produce a measurable outward current (P Ͼ 0.05; n ϭ 5; data not shown). These results suggest that the actions of dynorphin did not arise from the recruitment of /␦-opioid receptors but instead from the selective activation of -receptors.
Dual actions of kappa agonists
Regardless of the agonist used, application of U69593 or dynorphin induced a similar suppression of the D 2 IPSC (P Ͼ 0.05; Fig. 4A ). However, both agonists induced a greater suppression of the IPSC in the VTA than in the SNc (P Ͻ 0.05; Fig. 4A ). This suggests a greater efficacy or amount of -receptors that couple to suppression of the IPSC in the VTA than the SNc.
Unlike the suppression of the IPSC, U69593 and dynorphin differed in their abilities to induce whole cell outward currents. Dynorphin induced significantly greater outward currents in both the VTA and SNc than U69593 (P Ͻ 0.05; Fig. 4B ). These results show that, although both -agonists suppress the IPSC to the same degree, they do not induce outward currents to the same extent. This suggests that separate pools of receptors or different mechanisms of action account for the two separate actions (IPSC suppression and outward current generation) of -agonists on dopamine neurons.
To confirm that these effects were not the result of a lack of maximal concentrations of agonists used we also tested higher concentrations. Increasing dynorphin to 2 M did not produce a greater inhibition of the IPSC or induce larger whole cell outward currents than dynorphin (200 nM) (data not shown; n ϭ 5; P Ͼ 0.05). Likewise U69593 (2 M) had no greater effect than U69593 (200 nM) (data not shown; n ϭ 10; P Ͼ 0.05). Thus the difference between U69593 (200 nM) and dynorphin (200 nM) was not the result of submaximal activation of -receptors.
The D 2 IPSC is mediated by GIRK2 channels (Beckstead et al. 2004 ). The outward current induced by U69593 is also mediated by a GIRK conductance (Margolis et al. 2003) . This raised the possibility that a postsynaptic occlusion of available GIRK channels contributed to the -receptor induced suppression of the IPSC. Dynorphin caused a marked reduction in the current induced by iontophoretic dopamine in VTA cells and a potentiation in SNc cells (Figs. 1B and 2B ). The decrease in the current produced by the iontophoretic application of dopamine was most likely the result of an occlusion of available GIRK channels because there was a strong correlation between suppression of the iontophoretic response with the amplitude of outward current (R 2 ϭ 0.91; P Ͻ 0.05; Fig. 4C ). In contrast, the amount of suppression of the IPSC produced by dynorphin, although still correlating with the amplitude of outward current produced (R 2 ϭ 0.42; P Ͻ 0.05; Fig. 4C ), did so to a much lesser extent. This confirms that additional mechanisms at the release site are recruited by dynorphin to suppress the IPSC. These results suggest that dynorphin, which activates a GIRKmediated postsynaptic conductance, also reduces the presynaptic release of dopamine.
In contrast there was no correlation between the amplitude of the whole cell outward current produced by U69593 and the amount of suppression of the current induced by the iontophoretic application of dopamine (R 2 ϭ 0.26; P Ͼ 0.05; Fig.  4D ) or the suppression of the IPSC (R 2 ϭ 0.04; P Ͼ 0.05; Fig.  4D ). This lack of correlation suggests that, whereas U69593 does induce outward currents, this mechanism does not account for the suppression of the IPSC. This again suggests that the generation of the outward current and suppression of the IPSC are separate events. Furthermore this strongly suggests that the mechanism by which U69593 suppresses the IPSC is by a mechanism at the "presynaptic" release site.
-Opioid suppression of the IPSC is not the result of membrane hyperpolarization
The suppression of the IPSC by U69593 appears to be separate from its actions in generating whole cell currents (Fig.  4C) . However, the bath application of U69593 will cause an overall dampening of neuronal excitability arising from its hyperpolarizing effects on adjacent dopamine neurons. By reducing neuronal excitability, U69593 may alter background dopamine release. This reduction in background release may partially account for the reduction in the IPSC we observe on application of U69693. To test this hypothesis, we first applied the nonspecific monoamine transport blocker cocaine (1 M). By blocking the activity of dopamine uptake transporter (DAT) cocaine prevents the reuptake of dopamine released by adjacent tonically active neurons. We predicted that this block of reuptake would lead to "spillover" of dopamine out of dendrodendritic "synapses," thus increasing the basal level of dopa- mine in the slice. Recording in current-clamp mode from VTA and SNc dopamine cells, application of cocaine hyperpolarized cells by 8 Ϯ 2 mV (P Ͻ 0.05; n ϭ 6; Fig. 5, A and C) . This hyperpolarization was sufficient to silence the spontaneous "pacemaker" AP firing of five of six dopamine cells (Fig. 5A ). Thus cocaine (1 M) was able to alter the background level of dopamine that was sufficient to induce a significant hyperpolarization of dopamine cells. In voltage-clamp mode, as previously noted (Beckstead et al. 2004; Ford et al. 2006) , by preventing the reuptake of dopamine, cocaine (1 M) potentiated the D 2 IPSC and substantially slowed the kinetics of decay (Fig. 5D ). In the presence of cocaine, however, U69593 was still able to suppress the IPSC to an extent similar to that in control (41 Ϯ 6%; n.s. vs. control; n ϭ 8; Fig. 5, D and F) . Thus reducing background neuronal activity did not prevent U69593 from suppressing the IPSC.
We next tested the effects of increasing cellular activity. Increasing the extracellular K ϩ concentration will shift the equilibrium potential for K ϩ (E K ) to a more depolarized potential, thus depolarizing the cell membrane. In currentclamp mode, the application of KCl (10 mM) induced a 14 Ϯ 2-mV depolarization of VTA and SNc dopamine cells (P Ͻ 0.05; n ϭ 6; Fig. 5, B and C) . This depolarization was sufficient to increase the frequency of spontaneous APs in six of six cells (Fig. 5B) . To test the effects of increased cellular activity on the ability of U69593 to suppress the IPSC, we applied KCl (10 mM) in voltage-clamp mode while evoking D 2 IPSCs. Using K ϩ internal solution (115 mM), the calculated E K in Krebs external solution is Ϫ96 mV. Application of KCl (10 mM) will shift E K to Ϫ56 mV. To increase our visualization of D 2 GIRK-mediated IPSCs we changed the V hold from Ϫ60 to Ϫ70 mV. At Ϫ70 mV, as a result of the shift in E K the IPSCs were inward (Fig. 5E ). In the presence of KCl (10 mM), U69593 was still able to suppress the IPSC to an extent similar to that in control (37 Ϯ 4%; n.s. vs. control; n ϭ 6; Fig. 5, E and F) . FIG. 4. Summary of effects of dynorphin and U69593 in the VTA and SNc. A: summary of the inhibition produced by U69593 and dynorphin on the D 2 IPSC. Note that dynorphin and U69593 caused a similar degree of inhibition of the IPSC and both induced a greater suppression in VTA dopamine cells. B: summary of amplitudes of whole cell outward currents generated by dynorphin and U69593. Note the range of currents produced by either agonist does not match the range of IPSC suppression observed in A. C: correlation between the whole cell current produced by dynorphin vs. the degree of IPSC suppression and the whole cell current produced by dynorphin vs. the degree of suppression of the iontophoretic response. A stronger correlation existed for the iontophoretic response than for the IPSC. D: effect of U69593 on the current produced by iontophoretically applied dopamine or on the IPSC failed to correlate with the outward current induced. Only inhibitory responses to U69593 or dynorphin are plotted in C and D. These results suggest that neither increasing nor decreasing neuronal activity affects the ability of U69593 to suppress dopamine-mediated IPSCs. This confirms that -receptors reduce dopamine release independently of membrane potential. These findings again suggest that -opioid receptors inhibit somatodendritic D 2 IPSCs by a presynaptic inhibition, at the site of dopamine release.
Mechanism of inhibition of the IPSC
Having shown that kappa opioids are capable of inducing an inhibition of dopamine release, we next attempted to determine the mechanism by which they do so. Classically the actions of opioid receptors involve the inhibition of Ca 2ϩ conductance, activation of K ϩ conductance, inhibition of adenylyl cyclase, and inhibition of transmitter release (Williams et al. 2001) . Any of these mechanisms could explain the -opioid suppression of dopamine release. In that the effects of dynorphin involved both pre-and postsynaptic actions, U69593 was used because the inhibition of the IPSC involved a purely presynaptic mechanism (Figs. 1, A and C; 2, A and C; and 4D). Cells from both the SNc and VTA were sampled.
The role of voltage-gated Ca 2ϩ channels (VGCCs) was tested first. To test whether U69593 inhibits dopamine release by suppression of N-type VGCCs, -Conotoxin GVIA (Ctx, 1 M) was applied. This toxin suppressed the IPSC by 36.4 Ϯ 2% (n ϭ 3; P Ͻ 0.05; Fig. 6A ), confirming that N-type Ca 2ϩ channels are involved in mediating evoked somatodendritic dopamine release. After blocking N-type channels, U69593 was still able to suppress the IPSC to the same degree seen in control cells (n ϭ 4; P Ͼ 0.05; Fig. 6, A and B) . The P/Q Ca 2ϩ channel blocker -Agatoxin IVA (Atx, 100 nM) had no effect on the IPSC (P Ͼ 0.05; Fig. 6A ), confirming the lack of P/Q-type channels in mediating the IPSC (Beckstead et al. 2004 ). After application of -Agatoxin IVA, U69593 was still able to suppress the IPSC to the same extent as control (P Ͼ 0.05 Fig. 6, A  and D) . The R/T-type channel blocker mibefradil (10 M) reduced the IPSC by 8.8 Ϯ 4% (n ϭ 8; P Ͻ 0.05), indicating that R/T-type channels mediate a small component of the Ca 2ϩ influx responsible for the IPSC. However, U69593 was again able to suppress the IPSC after application of the blocker (n ϭ 8; P Ͼ 0.05). The L-type Ca 2ϩ channel blocker nimodipine (10 M) had no effect on the IPSC (P Ͼ 0.05; n ϭ 3; data not shown), illustrating the lack of involvement of these channels in mediating the IPSC. After application of nimodipine, U69593 was still able to suppress the IPSC to the same extent as control (P Ͼ 0.05; n ϭ 3; data in Fig. 6B ). These data suggest that -opioid receptors do not mediate a reduction in dopamine release by selective inhibition on one class of VGCCs.
To test whether U69593 mediates suppression of somatodendritic dopamine release in the midbrain by activation of voltage-dependent K ϩ conductances, we applied the inhibitor of voltage-gated K ϩ channels, 4-aminopyridine (4-AP). High concentrations (1-10 mM) inhibited the IPSC (data not shown), presumably through a direct block of GIRK channels. At lower concentrations, 4-AP (10 M) induced a potentiation of the IPSC (data not shown) that was likely mediated through depolarization of adjacent dopamine dendrites. In the presence of 4-AP, U69593 caused the same degree of inhibition as that seen in control neurons ( Fig. 6B ; P Ͼ 0.05; n ϭ 6). This demonstrates that 4-AP-sensitive K ϩ channels are not involved in mediating the -induced reduction in dopamine release. In the periaqueductal gray (PAG) -opioid-induced inhibition of GABA release upstream, which involves 4-APsensitive K ϩ channels, also involves the enzyme 12-lipoxygenase . To confirm that 12-lipoxygenase was not involved in meditating the actions of U69593, baicalein (5 M) was applied. In the presence of the inhibitor, U69593 caused inhibition of the IPSC to the same extent as control ( Fig. 6B ; P Ͼ 0.05; n ϭ 6), confirming that this pathway does not mediate the actions of U69593 in suppressing the D 2 IPSC.
A prominent effect of opioids is suppression of adenylyl cyclase. Neither the broad-spectrum kinase inhibitor staurosporine (1 M; n ϭ 6), nor the PKA inhibitor H-89 (1-10 M; n ϭ 4) prevented U69593 from inhibiting the IPSC (Fig. 6B ; P Ͼ 0.05 for both). This suggests that kinases, and specifically protein kinase A (PKA), are not involved in -opioid-induced inhibition of somatodendritic dopamine release.
Throughout our experiments we were not able to observe miniature IPSC events in the presence of either Cd 2ϩ or tetrodotoxin (data not shown). This prevented us from using this alternate technique to examine the pathways involved in mediating the U69593-induced inhibition of dopamine release.
In conclusion, our results show that, although -receptors are capable of reducing the somatodendritic release of dopamine, they do so by an unknown mechanism.
D I S C U S S I O N

Activation of -receptors
In both the VTA and SNc, IPSCs were inhibited by the -receptor agonist U69593. U69593 failed to inhibit the current activated by exogenously applied dopamine, suggesting that U69593 acted at presynaptic sites to inhibit somatodendritic dopamine release. Application of the putative endogenous peptide dynorphin (Chavkin et al. 1982 ) also inhibited IPSCs to a similar extent as U69593; thus both dynorphin and U69593 inhibit dopamine release to a similar extent. Additionally, dynorphin caused a large outward current and reduced the current induced by iontophoretically applied dopamine in cells in the VTA. Thus both dynorphin and U69593 maximally inhibited the IPSC, but U69593 did not cause a maximal outward current. This indicates that either separate receptor subtypes or different mechanisms could explain these two actions. The results suggest that the coupling efficiency is better at sites that activate the outward GIRK current.
The D 2 IPSC is most likely mediated by the local somatodendritic release of dopamine and not by axon collaterals from distant dopamine cells (Beckstead et al. 2004; Kalivas and Duffy 1991; Nirenberg et al. 1996 Nirenberg et al. , 1997 ; yet see Deutch et al. 1988) . Using our local stimulation protocol, the IPSC is generated only from dopamine released from adjacent cells onto the neuron being recorded. The two -agonists produced a wide range of outward currents ranging from 7 pA produced by U69593 in the SNc to 102 pA by dynorphin in the VTA, which did not match with the range of inhibition of the IPSCs (roughly 40% in the SNc and 55% in the VTA). If local hyperpolarization of cell bodies accounted for the reduction in dopamine release, one would expect a strong correlation between outward currents (i.e., a measure of local neuronal hyperpolarization) and IPSC inhibition (i.e., reduction in dopamine release). No correlation existed for U69593 and only a relatively poor correlation (R 2 ϭ 0.42) for dynorphin. Thus it appears that U69593 acts to inhibit release by a mechanism that is not dependent on neuronal hyperpolarization. Furthermore, it is unlikely that U69593 mediates the suppression of the IPSC by altering excitability of adjacent cells because increasing neuronal activity in adjacent cells by applying KCl (10 mM), or reducing activity by applying cocaine (1 M), failed to affect the ability of U69593 to suppress the IPSC. These findings suggest that -receptors are capable of two separate actions: activation of a GIRK-mediated outward current and inhibition of dopamine release. Presumably, dynorphin uses similar mechanisms to suppress dopamine release and, in addition, may mediate suppression of dopamine signaling by the silencing of presynaptic neurons, arising from the activation of a large outward current. It is this large GIRK-mediated current that occluded the dopamine iontophoretic response and produced the inhibition.
Dynorphin is less selective for -receptors than U69593 (Raynor et al. 1994) . Thus conceivably the increased outward currents caused by dynorphin could be attributable to activation of other (i.e., or ␦) opioid receptors. This did not appear to be the case because the effect of dynorphin was not blocked by the -antagonist CTAP nor mimicked by the ␦-agonist DPDPE, but was blocked by the selective -antagonist norBNI. Furthermore, increasing the concentration of dynorphin or U69593 failed to produce greater effects than the 200 nM concentration used. Thus the additional effects of dynorphin could be explained by an increased efficacy at activating GIRK-mediated outward currents. These results suggest that the endogenous -opioid may mediate a powerful suppression of dopaminergic transmission through multiple signaling pathways.
Mechanism of inhibition
Inhibition of GABA release in the NAc by U69593 involves N-type Ca 2ϩ channels . Because the D 2 IPSC is also dependent on N-type channels (Beckstead et al. 2004 ), we examined whether U69593 suppressed dopamine release by Ca 2ϩ channel inhibition. We found that both N-and R/T-type channels are required for evoked dopamine release, confirming that Ca 2ϩ is required for somatodendritic release (Cheramy et al. 1981; Geffen et al. 1976 ). However, blocking N-, P/Q-, R/T-, or L-type channels failed to prevent U69593 from inhibiting dopamine release. Thus the -opioid induced inhibition of somatodendritic dopamine release occurs either at a site downstream of Ca 2ϩ entry or involves a mechanism that inhibits multiple classes of VGCCs. Inhibiting voltage-gated K ϩ channels or the enzymes 12-lipoxygenase, PKA, PKC, and CAMKII with 4-AP, cocaine, baicalein, H-89, and staurosporine also failed to prevent the U69593-mediated inhibition of the D 2 IPSC. Thus unlike chronic administration of -opioid agonists (Thompson et al. 2000) or opioid inhibition of glutamatergic and GABAergic transmission in the VTA and the PAG (Bergevin et al. 2002; Manzoni and Williams 1999; ) none of these pathways is involved in mediating the acute effects of -agonists on suppressing somatodendritic dopamine release.
Whether -opioid receptors inhibit dopamine release at a process downstream of Ca 2ϩ entry by direct inhibition of the dopamine release machinery or by another, unknown mechanism is not clear. Interestingly though, -receptor-induced inhibition of glutamate release in the NAc was also not sensitive to either 4-AP-sensitive K ϩ channel or VGCC blockers . This suggests that this yet to be determined mechanism may be a common way that -receptors function to inhibit transmitter release.
Implications and conclusions
Past studies examining the inhibition of dopamine by -opioids relied on measuring dopamine in vivo with dialysis or measuring the electric-and/or glutamate-evoked Smith et al. 1992; Werling et al. 1988; You et al. 1999) . These studies concluded that -receptors are located on dopamine axon terminals, where they act to reduce dopamine release at the target site. Measuring dopamine efflux with dialysis in vivo or from slices in vitro examines only dopamine that has escaped from the synapse. Discovery of the D 2 IPSC determined that dopamine somatodendritic transmission may be more analogous to classical synaptic transmission than previously believed (Beckstead et al. 2004) . Recent work indicated that -opioids can directly hyperpolarize dopamine neurons (Margolis et al. 2003) . This suggests that -opioids could inhibit dopamine release by two possible mechanisms: directly at the terminal or indirectly by the silencing of presynaptic neuronal activity. By examining the IPSC, the present work determined that -opioid receptors are capable of doing both. However, the presynaptic silencing of neuronal activity cannot fully explain the suppression of dopamine release that accounts for the inhibition of the IPSC.
Dynorphin mRNA levels are upregulated after exposure to cocaine and amphetamine (Spangler et al. 1993; Turchan et al. 1998) . Furthermore -opioid receptors not only mediate the tonic activity of mesolimbic dopamine neurons, but also regulate the behavioral and neurochemical responses to cocaine (Chefer et al. 2005) . These findings suggest that the activity specifically of the mesolimbic dopamine system and its regulation by the -opioid system may be directly affected by psychostimulants. Our results identifying the actions of -opioids in regulating the activity and somatodendritic release of dopamine may help to explain the behavioral effects induced by these drugs of abuse.
Recent work has begun to address important differences between dopamine neurons within the VTA and the SNc (Ford et al. 2006; Liss et al. 2005; Margolis et al. 2006; Neuhoff et al. 2002) . This present work is a continuation of that work, illustrating another important example of how the regulations of these neurons differ. Identifying the pharmacological and physiological properties of subtypes of midbrain dopamine neurons provides a greater understanding for the role of signaling between different brain regions. 
